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Enzyme activity. The enzyme activity of the ecDHFR variants was evaluated by their ability to catalyze the NADPH-dependent reduction of DHF at pH 7.0 and 25 o C. Table S1 summarizes both the pre-steady state hydride transfer reaction rates and the steady state enzyme turnover rates. The enzyme activity of the unlabeled mutants was also compared. Furthermore, the kinetic data showed no discrepancy in the enzyme activity between using MTEM buffer or phosphate buffer, both at pH 7.0. Table S2 . Data processing, structure determination and refinement. The data were indexed, integrated and scaled using HKL2000. 2 The crystals contained two molecules per asymmetric unit and had an approximate solvent content of 54%. Molecular replacement was employed for phasing, using MOLREP 3 with the structure of E. coli DHFR (PDB code 1RH3) as the search model. The resulting structure was refined using alternating cycles of refinement using REFMAC5 4 and manual model building with Coot. 5 The addition of water molecules took place only after the refinement converged and was followed by an additional round of refinement. The ligands and modified cysteine residue were placed into difference density using the models available from the PDB (MTX, NADPH, and SCN) and were included in the model for a final round of refinement. Data refinement statistics are provided in Table S3 . The structures have been deposited to the Protein Data Bank with accession codes 4P66 (T46C-CN) and 4P68 (L54C-CN). Figure S1 . Superposition of the ecDHFR WT crystal structure (PDB Code:1RH3) with the NADPH and methotrexate ligands bound (red), 6 the T46C-CN mutant (PDB Code:4P66) with NADPH and methotrexate bound and the thiocyanate probe ( green), and the L54C-CN mutant (PDB Code:4P68) with NADPH and methotrexate bound and the thiocyanate probe (blue). Only the ligands for the T46C-CN mutant are shown for the sake of clarity. The RMSDs for the backbone heavy atoms in the T46C-CN and L54C-CN mutants relative to the WT structure are 0.50 Å and 0.53 Å, respectively. resolution. The CN stretch absorbance spectra for cyanylated DHFR samples were obtained by subtracting a spectrum of the aqueous buffer solution from the protein spectrum. The baseline for each spectrum was corrected by fitting a 5 th order polynomial function to the data, as done previously by Fafarman 7 and McMahon 8 . The 5 th order polynomial local fit functions were obtained by defining roots at least15 cm -1 from the peak maximum, meaning the experimental data and fits were forced to be equal at points more than 15 cm -1 from the central frequency. All published spectra are the averages of two independently prepared protein samples after fitting and subtracting the baseline with the polynomial and normalizing the peak height to unit amplitude. The peak positions obtained from independently prepared protein samples typically differed by less than 0.5 cm -1 , substantially less than the changes among peak positions due to variation by protein binding and release of the substrate and cofactor.
The IR vs. 13 C NMR correlation data are shown in Figure S4 . The species that appear to exhibit significant hydrogen bonding can be described by a linear expression (slope = 2.6 ± 0.5 cm -1 /ppm, R 2 = 0.80), which is within one standard deviation from that of EtSCN in nonhydrogen bonding solvents (slope = 1.7 ± 0.5 cm -1 /ppm, R 2 = 0.68; 9 dashed line). In water, hydrogen bonding between a water molecule and acetonitrile induces a 7 cm -1 blue shift in the nitrile stretching frequency. 10 This is consistent with the degree of shift we found in the nitrile S10 stretching frequency for all T46C-CN complexes, the binary E:NADPH complex of L54C-CN, and the L54C-CN apoenzyme.
Figure S2
. Details of FTIR signal processing and analysis. The CN stretch absorbance spectra for the protein samples on top of large baselines arising from the bend + libration combination band of water (A). The black curves correspond to local best fit 5 th order polynomials with roots defined more than 15 cm -1 from peak maximum of each spectrum. (B) represents the CN stretch band following subtraction of the best fit functions from raw absorbance spectra. The center frequency has little dependence on the points at which polynomial and data are forced to be equal in our analysis scheme (see Figure S3 ). The first derivative spectra (C) were calculated from the baseline-corrected CN absorption spectra appearing in Panel B. The nodes in the first derivative spectra correspond to the peaks of the absorption spectra (where the derivate is zero). This analysis scheme was used to identify the center vibrational frequencies of the ecDHFR-CN stretch modes with negligible influence from the 5 th order polynomial function or background subtraction procedure (see Figure S3 ).
Figure S3
. Analysis of the sensitivity of the center frequency with definition of 5 th order polynomial roots. To quantitatively assess the variation of the center frequencies obtained from the CN stretch peaks versus locations of where the 5 th order polynomial is forced to equal the baseline, we systematically varied the position of the roots on either side of the CN stretch peak and plotted the corresponding center frequencies for each protein, substrate and cofactor complex. Panels A -D represent the results of calculating the center frequencies of the CN stretch peaks while holding one root position constant and systematically varying the other root. The root that is held constant is labeling Root 1 in the panels, and the root that is varied is labeled Root 2. Symmetric variation of both roots simultaneously had no effect on the center frequencies obtained from our analysis scheme. We performed this analysis for both roots: we fixed the high frequency root and varied the low frequency one (data appear as squares); we also varied the high frequency root and fixed the low frequency one (data appear as diamonds). Figure S4 . Plot of nitrile vibrational stretching frequencies versus the 13 C NMR chemical shifts for the labeled ecDHFR variants (T46C-CN: ♦ and L54C-CN: ■). The dashed line and the black solid data points are from a previous publication illustrating the expected trend for EtSCN in non-hydrogen bonding solvents. 9 The solid line (slope = 2.6 ± 0.5, R 2 = 0.8008) is fitted to all data points that exhibit significant deviations (~ 7 cm -1 ), which can be attributed to specific hydrogen-bonding interactions between the CN probe and a hydrogen bond donor. S13 QM/MM parameterization. We reparameterized the PM3 method using a model system that contains a methyl thiocyanate (MeSCN) molecule solvated in 2900 TIP3P water molecules. We propagated a 5 ns molecular dynamics (MD) trajectory and calculated the vibrational frequency of the nitrile stretching mode for configurations sampled at intervals of 10 ps (500 total) using the methodology described in the main paper. The QM region in these calculations included the 12 water molecules closest to the CN probe, determined by the distance between the nitrile nitrogen and the water oxygen, for each configuration sampled in the MD trajectory. The remaining water molecules were treated as atomic point charges using the partial charges from the TIP3P water model. The QM region was treated at the B3LYP/6-311++G(d,p) level of theory as implemented in Gaussian09, 11 and the MM force field for the MeSCN utilized the parameters given in our previous work. 12 After generating the one-dimensional potential energy curve along the CN axis, the nitrile vibrational frequencies were calculated using the Fourier Grid Hamiltonian method. 13, 14 We used a non-linear-least-squares method to minimize the root-mean-square deviation (RMSD) between a target function calculated with DFT and with the reparameterized PM3 method by optimizing the 18 free nitrogen parameters in the PM3 method and two parameters that describe the interaction between the QM and MM regions. 15 The target function that was minimized was a weighted sum of the calculated potential energies relative to the minimum energy for the CN potential energy curve and the associated vibrational frequency. The potential energy curve was represented by nine points evenly spaced along a grid, 12 and the target function for each configuration weighted each of these points equally and multiplied the associated vibrational frequency by nine, which was the number of points along the potential energy curve.
The full target function that was minimized was averaged over the 500 configurations sampled.
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The advantage of simultaneously fitting both the calculated frequency and the QM/MM relative potential energies, rather than only the frequency, is that the equilibrium CN bond length as well as the frequency is fit during the reparameterization.
The optimized PM3 and QM/MM parameter set is given in Table S5 . While we did not constrain the parameters during the optimization, all of the PM3 parameters are within 12% of the original values, and the average deviation is less than 7%. The  parameter that governs the QM/MM interactions varies by ~50% from the original value. This value is similar to that obtained in previous work of Skinner and co-workers 16 as well as in our previous reparameterization. 12 The other parameter that controls QM/MM interactions, , varies only slightly from default value of zero.
The optimized parameter set reproduced the vibrational frequencies calculated with DFT with a mean unsigned error of 0.07 cm -1 and an RMSD of 5.6 cm -1 . This level of agreement between the DFT frequencies and those calculated with the reparametrized PM3 method is similar to that in our previous parameterization. 12 In our new parameterization scheme, we also simultaneously fit the relative energies along the one-dimensional potential energy curve for each configuration. The mean-unsigned error and RMSD for these energies are 0.28 and 1.85 kcal/mol, respectively. Furthermore, the average CN bond length from the reparametrized PM3 calculations is 1.17 Å, which is in excellent agreement with the average CN bond length of 1.16
Å obtained with DFT. This agreement contrasts with the average CN bond length of 1.21 Å from our previous work, 12 which did not directly include any information about the underlying potential energy curve in the fitting procedure. In addition, the potential energy curve was fit to a Morse potential, rather than utilizing the Fourier Grid Hamiltonian method, to calculate the vibrational frequencies in our previous work. 12 We confirmed that the new parameter set, in S15 conjunction with the Fourier Grid Hamiltonian method, reproduces the vibrational frequency shifts calculated in our previous work on the enzyme ketosteroid isomerase (Table S6) . c The parameter set obtained and used in this work. The frequencies are calculated using the Fourier Grid Hamiltonian method described in this work. d The parameter set published in our previous work on KSI. 12 The frequencies are calculated by fitting the potential energy curve to a Morse potential as described in that work. S20 QM/MM partitioning. As shown in our previous work, 12 the quantum mechanical effects of hydrogen bonding and polarization must be included in the QM/MM frequency calculations to properly describe the experimentally observed shifts. To determine which residues to include in the QM region, we employed a scheme in which the CN stretching frequencies were calculated for a subset of configurations with all of the proximal residues in the probe microenvironment treated quantum mechanically. These benchmark calculations were then used to determine which residues are important to include in the QM region.
For the T46C-CN mutant, we considered the entire probe microenvironment to consist of the residues Asn18, Ser49, Ile50, and the ligand bound in the substrate pocket (FOL/THF).
Additionally, since our MD simulations showed that the T46C-CN probe is solvent accessible, we also included the solvent molecule closest to the nitrogen of the nitrile group. Investigation of treating additional solvent molecules quantum mechanically showed that the vibrational frequencies were converged with only a single water molecule in the QM region. included Phe31 and Arg57, as well as the probe residue, in the QM region for our vibrational frequency calculations for the L54C-CN mutant. This QM region resulted in an RMSD of 1.13 S22 cm -1 and 1.01 cm -1 in the closed and occluded conformations, respectively, relative to treating the entire probe microenvironment quantum mechanically. a Component of the electric field along the donor-acceptor axis. Only residues contributing to the field with a magnitude greater than 1.0 MV/cm are listed. The sum of the values given in this table is -48.0 MV/cm, in comparison to the total field along this axis of 48.7 MV/cm, which includes contributions from other residues and solvent molecules.
